Leaves of similar morphology and condition release a similar quantity of soluble organic material.
It is now well established that allochthonous organic matter is important in the productivity of streams ( Hynes 1970; Fisher and Likens 1972; Cummins 1973) . Previous work in this laboratory has been concerned with the fate of the autumnal leaves that fall into water. Our earlier experiments were with leaves that had been leached to constant weight before being used, and this represented a considerable loss of material ( Kaushik and Hynes 1971) . In 1968, therefore, we began a study of the leachate, with particular reference to the finding that organic particles are formed when bubbles are passed through seawater (Riley 1963 (Riley , 1970 .
These seawater particles are variable in size and shape, but they are described as being usually either semitransparent flakes or globular aggregations with mean diameters of 25-50 p. It has been suggested that they are formed by adsorption of organic matter onto the surfaces of the bubbles, which then burst and leave them in the water, We felt that similar particles might also be formed by turbulence such as occurs in streams. Saunders ( 1969) had already tried to form particles by passing bubbles through lake water, but with little success, and had concluded that the mechanism does not appear to be important in freshwater. There are, however, several reports of micropar-' This investigation was supported by an opcrating grant from the National Research Council of Canada.
ticulate organic detritus in both lotic and lentic freshwater habitats (Egglishaw 1964; Pfistcr et al. 1969) . Nykvist ( 1963 and earlier papers) has studied the release of soluble materials from dead leaves and has mentioned the formation of "clots" in the solutions, although he did not investigate them further. Also, when McConnell (1968) studied the effects of water extracts from oak leaves on the growth of Xenopus larvae, he concluded that the larvae fed on particles that had probably been formed from the solutions by microbial action, Soil scientists have long been aware of the complexing of dissolved organic matter with metals, which may at times result in the formation of particles. Schnitzer and Poapst (1967) have stated that heavy summer rains may bring concentrations of organic matter into the soil solution as high as several thousand parts per million. Some of this material enters streams, the amount depending on the concavity or convexity of the drainage slope and the permeability of the soil ( Freeze 1972) ) and these factors probably also influence the quantities and the sizes of any accompanying particles. Fisher and Likens (1972) have recently shown that a large proportion of the organic matter that comes in from an undisturbed watershed is actually in solution.
The fate then of the dissolved material, both from the soil and leached from leaves, and the probability that at least some of it becomes particulate and may form food for fine particle feeders such as Simuliidae ( Egglishaw 1964; Brown 1962) . Finally, as Egglishaw (1968) has shown that streams with hard water apparently have a quicker turnover of organic matter and support more invertebrates than soft-water streams, it seems that calcium or pH is somehow involved.
It was against this background of findings and ideas that we studied the fate of extracts of autumnal leaves and the production of particles from them.
METHODS
The leaves were hand picked from trees in fall 1968. The needles of conifers were collected from the dead portion proximal to the tips of branches and the deciduous leaves were those in which the chlorophyll had begun to decompose and the xanthophyll colors were apparent; this ensured that there had been no long period of leaching by rain while the leaves lay on the ground. To ensure uniformity of the material, we collected leaves from only one tree of each species. The standard water used in the experiments ( Table 1) was prepared to approximate the data reported by Livingstone ( 1963) . All pH values were determined using a Radiometer expanded scale TTTlC pH meter.
We prepared the leaves for leaching by cleaning their surfaces very lightly with a brush under cold running water and then drying them at 105°C. Whenever the pH of the standard water was altered it was adjusted with either 0.1 N NaOH or 0.1 N HCI. To minimize variability between small portions, we did not include the petiales. So as to approximate the natural situation, the concentration used in experiments was the amount that could be leached from 0.25 g of leaf per liter of water; this is a rough approximation of the annual leaffall in southern Ontario woodland divided by the rainfall, and it was considered to be a reasonable starting point for experiments. Measurements that have been made in the field of suc11 things as dissolved organic carbon or particulate material are, of course, determinations of values after some particles have formed or after they may have aggregated and settled out. We have not measured concentrations of dissolved organic carbon at the surface of a leaching leaf in the field, but presumably they are higher than in the overlying water column.
After the leaching period we determined the weight of the material that had been precipitated by removing the leaf residue, filtering the flocculent precipitate onto a preweighed glass-fiber filter, drying at 105°C and reweighing. The dry weight of the leached leaf as compared with its previous dry weight was used to calculate the amount that initially went into solution. Initially we produced lcachates by autoclaving leaf material in standard water, and we noticed that a flocculent precipitate had begun to form after a few hours in the sterile solution. If a leaf was allowed to leach on a shaker under nonsterile conditions, the leaching process was much slower, but after some time we noticed the same type of particulate material with an associated microflora. This suggested that the particulate material could form under both sterile and nonsterile conditions; the fact that both processes produced particles that looked identical suggests that they were indeed the same. We shall refer to particles produced under sterile conditions, or very early under nonsterile conditions, as abiotic particles, as distinct from biotic particles that were clearly associated with organisms. We wanted to show how particles might develop from a leachate, so it was necessary to leach the leaves rapidly under nonsterile conditions to allow abiotic particles to appear from solution before the microbial community on the surface of the leaching leaf began to metabolize them. WC accomplished this by cutting up the leaf material in the water on a Sorval blender for 1 min and then leaching on a shaker at room temperature for 4 hr. The large exposed surface area produced ensured rapid leaching. The material was then passed through a 5-p Millipore filter, and precipitation was allowed to proceed in the filtrate( maintained between 22 and 24°C) on a rotary shaker. This rapid leaching avoided the possible microbial breakdown of leaf tissue during leaching which may have occurred in the quantitative leaching experiment ( Fig. 1) .
Samples of 50 ml were removed from the filtrates at various times and diluted 2:l with a 50% solution of Isoton, We then analyzed the suspension for particle size distribution on a model B Coulter counter, To check the suggestion made above that turbulence may have effects similar to the bubbling of air through the dilute organic solution of seawater, cedar needles (Thuju  occidentalis) were ground to particles smaller than 850 p and the powder was leached in standard water of pH 7.9 for 24 hr. In small streams flowing through regions of heavy cedar growth a foam is often seen on the water, and contains particulate material of the type described here. It thus seemed that cedar leaves would be likely candidates for particle production by turbulence. The leachate was filtered through a 0.45-p Millipore filter to remove fine particulatc leaf material and divided into two portions. One was subjected to vigorous turbulence in a Sorval blender for 2 min while the other, control, portion was left untreated. The two samples were then analyzed on the Coulter counter for the amount and size distribution of particles. A second control consisting of standard water with no organic material was also subjected to turbulence. The confidence bars on the graphs represent two standard deviations; they are based on four replicates in Fig. 2 , and five in the other figures. The values in Fig. 4 , which depicts an experiment designed to show only trends in pH, arc based on single readings. The values in Table 2 are given to show only the types of variation in the amount of soluble material leached from different leaf types and are based on single measurements. The variation existing within any one leaf type clearly depends on the preleaching history of the individual leaves and the method of leaching.
Sterile precipitates were produced by placing 0.25 g of leaf material in 1 liter of water and autoclaving at 121°C and 1.02 atm for 15 min. The stoppered flask was then allowed to stand for a few hours at room temperature while the sterile material precipitated.
RFSULTS
The rates of leaching varied with the species of leaf (Table 2 ). This was prob- ably due to both morphological and chemical factors, but there was little difference in the rate between morphologically similar closely related species ( Fig. 1) .
Since the pH of the water changes during the leaching (Table 2 and Fig. 4) , some leaves were leached at three different initial pH values to determine if there was any difference in the amounts that went into solution. Table 3 shows there was no change in Acer saccharum and Acer saccharinum, but there may, of course, be qualitative differences between extracts made under different conditions.
The percentages leached out in these experiments are considerably greater than those reported by Kaushik and Hynes ( 1971) ) who took no particular care that their leaves had not already been leached by rain. The two species of maple were used to study the rate of precipitation; the leaves were placed in nonsterile standard water of initial pII 7.0 and were leached on a rotary shaker which produced a gentle swirling motion. Samples of the leachates were taken over a 65-hr period, filtered onto a 0.45-p preweighed glass-fiber filter, and reweighed. The results plotted as a percent- age of the initial dry weight of the leaves (Fig. 5) were different for these two closely related species. The pH of the water had a marked effect on the color of the leachate; for all species investigated a basic leachate was darker than an acidic one. This, together with theoretical considerations, suggested that the pH is of importance in controlling the initial, presumably abiotic, precipitation.
To investigate this, leaves of the two species of maple were leached in standard waters of pH 5.0, 7.0, and 8.4, and the precipitation during the first 24 hr was determined by filtration. A distilled water leachate showed almost no precipitation for either species within this period, and Table 4 shows that the pH of the standard leaching water had a marked effect on the quantity of precipitate from silver maple but almost none for sugar maple after 24 hr.
The particulate material varies greatly in size. In general the initial "abiotic" precipitates from leaf leachates tend to be smaller than 60 /L in diameter, while the biotic ones may grow to a few millimeters, depending on the turbulence. The size of particles formed under different conditions is clearly important as it affects their availability as food to stream benthos (Williams et al. 1961; Chance 1969) . Since pH seems to affect the quantity of material that comes out of solution, we also investigated its effects on the size distribution of the precipitates.
For this study a coniferous ( Pinus strobus) and a deciduous (A. saccharum) species were chosen, and, since their morphology is so different, the leaves and needles were ground before leaching. Figures 3 and 6 reveal certain trends in particle size distributions.
At pH 9.0 precipitation was delayed in both species until about day 6 when there was a sudden production of small particles. This was probably caused by microbial growth in the presence of very little abiotic precipitate; it seems probable that most of the abiotic precipitate at the high pH had been removed by the filtration that followed immediately after leaching, as it was observed in other experiments that in hard waters precipitation began very early in the leaching process. At pH 7.0 and below, most of the samples showed a bimodal size distribution that changed with time. Particularly in sugar maple ( Fig. 3) the peak of larger particles moved upward in size and broadened with time. This process is less clear in the pine (Fig. 6 ), but indirect evidence that it occurred is found in the total vol- umes of particles measured, which seem to decrease with time in the middle PI-I ranges where particle production was greatest. This could have been caused by breakdown of particles, but it is more probable that many of them grew to a larger size than the maximum being measured. In fact, after several days, accumulations of larger particles could be seen in the flasks.
Another important feature is that the initial pH of the water seems to influence the position of the particle peaks, This is shown most clearly by the pine leachates ( Fig. 6) . The acid waters resulted in large numbers of large particles, while the neutral and alkaline ones resulted in a relative abundance of smaller particles. In replicate experiments these trends were repeated, although the small fluctuations were not. Similar particulate material was produced at IO"C, although the rate of production was slower than in the experiments at 22°C.
The effect of turbulence on particle production in cedar leachate is shown in Fig;. 2.
The considerable increase in the volume of particles formed in the leachate subjccted to turbulence as opposed to the controls suggests that this mechanism of particle formation could be of importance in fast flowing streams. In the same experiment conducted with a filtrate from a culturc of Chlamydomonas rein, turbulence also led to particle formation. This suggests that some algal excretion and decay products also contribute to the particulate content of stream and river waters. To investigate this further, water samples were taken near waterfalls on three small streams and analyzed for suspended particulate material, but we found no statistical differences in particulate content of water from above and below the falls.
The precipitates produced from A. saccharinum, both under sterile conditions and in the early stages under nonsterile conditions, appeared under the microscope to be of two types. One consisted of clumps of brown structureless detritus and the other of conspicuous sheets of transparent material (Fig. 7a,b) . Both appeared quite amorphous as seen by X-ray diffraction, even though the sheets seem to be composed of very small particulate aggregates ( Fig. 7e) . Infrared spectra in KBr closely resembled those obtained by Schnitzer (1965) from organo-metallic complexes isolated from a poorly drained podzol.
After a few days the precipitates became invaded by microorganisms and this seemed to result in breakdown of the flakes (Fig.  7b) , perhaps because the small aggregates present a large surface area for enzymatic action. Later the precipitates became permeated by fungal hyphae which themselves became coated with bacteria (Fig. 7d) . These bacteria have slimy coats, causing the whole particles to become cloudlike as seen by scanning electron microscopy (Fig. 7~) . It is probabIy in this state that they are most suitable as food for invertebrates, and it is these larger particles that settle out ( Fig. 7f) .
DISCUSSION
Nearly quantities all streams of dissolved must receive organic matter, large both from materials that fall into them and in solution from the soil. This study has shown, as was suspected from the literature on particle formation in seawater and in the soil ( Riley 1970; Schnitzer 1971) ) that similar particles are also formed in freshwater from concentrations of dissolved organic matter that are known to occur naturally.
The flakelike sheets described above, which are produced particularly readily from extracts of some leaves, e.g. poplar and sumac, closely resemble those described from seawater. They seem to break down into flocculent masses, which, however, are also apparently formed independently of the sheets. This amorphous material is also similar to the organic fraction of some forest soils, and a preliminary study of infrared spectra of both abiotic particles produced in the laboratory and particles collected in local streams supports this conjecture.
Our experiments also indicate that abiotic precipitation occurs only in the presence of ions; we obtained none in distilled water. This suggests that it involves the same sort of reaction as is described in the soil by Schnitzer ( 1971)) and we suspect that calcium is probably the major ion involved. It is also clearly aided by turbulence, as our experiment with the blender shows (Fig. 2) . The field relationships are, however, much more complex, and, as shown by the particulate analysis of stream water from above and below waterfalls, the specific mechanisms of formation may be obscured by natural variations. We can nevertheless begin to build up a picture showing that the amount of organic matter that goes into solution depends on the species of leaf and the pH of the water. The proportion that precipitates depends on turbulence and the presence of ions in the water, probably mostly divalent cations, and the exact sequence of precipitation is much influenced by pH. At about neutral, however, small particles form; they seem to aggregate rapidly and then sink out of the water as larger particles, composed largely of microorganisms and thus certainly important as food for animals. The formation of the particles themselves seems to be independent of mi-crobial activity in the initial phase. I-IOWever, there are reports in the literature of microbial production of humic materials, which are capable of complexing with metal cations and potentially so of producing the types of particles mentioned here. Thus, in freshwater ecosystems the particulate material present is probably a combination of chemically produced particles and particles produced through a microbial intermediate.
Clearly this is an important process in the ecology of streams, and, as it is influenced by both the vegetation and the quality of the water, it is yet another way in which the watershed has a direct influence on the nutritive regime in its stream. In this situation particularly, the rate of particle formation almost certainly controls just where in the system the dissolved organic matter becomes available as food. In an acid water, precipitation would appear to be much delayed, so much potential food is lost to the benthos, but in an alkaline one much nutritious material becomes rapidly available.
